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ABSTRACT
Computational Fluid Dynamics Analysis of Decomposition Reaction Inside the Solar
Fluid Wall Reactor
by
Vijaykaartik Kumar
Dr. Yitung Chen, Examination Committee Chair 
Associate Professor, Department o f  Mechanical Engineering 
University o f  Nevada, Las Vegas
A solar thermo-chemical reactor has been designed and modeled to study the flow o f 
decomposition reactions. The reaction considered in this case is the thermal reduction o f 
metal oxide, as part o f  a two-step water splitting cycle for hydrogen generation and 
methane decomposition, which directly generates hydrogen in a single step reaction. The 
reaction takes place at 2000 K to 2500 K using concentrated solar energy as the source. 
In this model, the reactor is comprised o f two concentric cylinders, which are made o f 
graphite. The input zinc oxide is assumed to be uniform in particle size during the 
simulation. The inert argon gas passes through the inner porous medium, acts as a 
fluidized bed for the reactor that prevents reaction between oxygen and graphite wall. A 
mixture o f  Zn (g), O 2 (g) and Ar (g) comes out as the output.
The suitable initial and boundary conditions have been specified and analysis has 
been done using FLUENT, under unsteady state laminar conditions. The chemical 
reaction rate constant was calculated based on the Arrhenius equation. Various 
parametric studies have been examined for optional design o f  this thermo-chemical
111
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reactor, and a full understanding the behavior o f  the fluid flow and reaction has been 
obtained.
A variable solar heat flux has been assumed to be on the wall o f  the reactor, and 
the effects o f wall temperature on the reaction have been studied. The results indicate that 
pore diameter, inlet temperature o f  argon gas and the reactor material significantly affect 
the flow behavior. Increasing the inlet temperature o f  argon gas drastically improves the 
fluid flow profile. This simulation also provides the detailed information about the mole 
fractions o f  species which are involved in the chemical reactions.
IV
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NOM ENCLATURE 
A Pre exponential factor, g /s •
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CHAPTER 1 
INTRODUCTION
Hydrogen is an energy carrier and is recognized by many as the fuel o f  the future. 
When hydrogen is consumed by a fuel cell, its only significant emissions are water and 
heat. A clean source o f  hydrogen will lead to energy self-sufficiency and clean air and 
clean water. More than 95% o f hydrogen produced today is by the Steam Methane 
Reformation (SMR) o f  fossil fuels such as oil, coal, and natural gas, a process that 
liberates massive amounts o f carbon dioxide and other pollutants to the atmosphere. The 
SMR process provides a net energy loss o f  30 to 35% when converting methane into 
hydrogen since a great deal o f fossil energy or electrical power is required to operate the 
process [1]. Hydrogen is also produced by electrolysis, a process that uses electricity to 
convert water into hydrogen and oxygen. Although electrolysis itself can be quite 
efficient in converting electricity into hydrogen, the electricity used for electrolysis is 
often primarily generated from fossil fuels. Therefore, traditional hydrogen production 
methods result in a net increase in air pollution and are highly inefficient from an energy 
conversion perspective.
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1.1 Basic concepts o f  solar energy generation
Solar thermal pow er is one o f  the main candidates to provide a major share o f 
renewable clean energy needed in the future. Solar radiation is the largest renewable 
energy resources on earth. Approximately 1% o f the world’s desert area utilized by solar 
thermal power plants would be sufficient to generate the w orld’s entire electricity 
demand [1-2]. Solar thermo chemical hydrogen generation is mainly based on the use o f 
concentrated solar radiation as the energy source o f  high-temperature process heat for 
driving an endothermie chemical transformation. All concentrating solar thermal power 
technologies rely on four basic elements: concentrator, receiver, transport-storage, and 
power conversion. The concentrator captures and concentrates solar radiation, which is 
then delivered to the receiver. The receiver absorbs the concentrated sunlight, transferring 
its heat energy to a working fluid. The transport-storage system passes the fluid from the 
receiver to the power conversion system; in some solar-thermal plants a portion o f  the 
thermal energy is stored for later use [15]. There are three types o f  solar thermal power 
systems currently being developed: (a) parabolic troughs, (b) power towers, and (c) 
dish/engine systems [16].
(a) Parabolic troughs
Parabolic troughs are commercial solar concentrators, which are used to deliver high 
thermal energy. It is a principle o f  geometry that a parabolic reflector pointed at the sun 
will reflect parallel rays o f  light to the focal point o f  the parabola. A parabolic trough is a 
one-dimensional parabola that focuses solar energy onto a line. Physically, this line is a 
pipe with a flowing liquid inside that absorbs the heat transmitted through the pipe wall 
and delivers it to the thermal load.
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A trough captures sunlight over a large aperture area and concentrates this energy 
onto a smaller receiver area, multiplying the intensity o f  the sun by a concentration ratio 
in the range o f 30-80. It is the process o f  concentration that allows troughs to delivery 
high temperature thermal energy. However, to achieve such concentration, a trough 
tracks the sun in one axis continually throughout the day. The required tracking accuracy 
is within a fraction o f  a degree.
(b) Solar power towers
Solar power towers consist o f  large sun tracking mirrors, called heliostats, which 
focus solar energy from a receiver top, located at the center o f  the tower. The enormous 
amount o f  energy, coming out o f  the sun rays is concentrated at one point (the tower in 
the middle), produces temperatures o f approx. 550°C to 1500°C. The gained solar energy 
is converted to electricity.
There are two main fluids which are used for the heat transfer, water and molten salt. 
W ater for example is the oldest and simplest way for heat transfer. But the difference is 
that the method in which molten salt is used, allows storing the heat for the terms when 
the sun is behind clouds or even at night.
The molten salt consists o f  60% sodium nitrate and 40% potassium nitrate. The salt 
melts at 700°C and liquidized approximately at 1000°C, which will be kept in an 
insulated storage tank until the time o f need for heating up the water in the steam 
generator. This way o f  energy storage has an efficiency o f approx. 99%, i.e. due to the 
imperfect insulation 1 % o f the stored energy gets lost.
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(c) Solar dish /engine system
Dish/engine systems use an array o f  parabolic dish-shaped mirrors (stretched 
membrane or flat glass facets) to focus solar energy onto a receiver located at the focal 
point o f  the dish. Fluid in the receiver is heated to 1000°C and used to generate electricity 
in a small engine attached to the receiver. Engines currently under consideration include 
Stirling and Brayton cycle engines. High optical efficiency and low startup losses make 
dish/engine systems the most efficient (29.4% record solar to electricity conversion) o f 
all solar technologies.
The capability o f  these collection systems to concentrate solar energy is described in 
terms o f  their mean flux concentration ratio. The solar flux concentration ratio typically 
obtained is at the level o f  1 0 0 , 1 0 0 0 , and 1 0 , 0 0 0  suns for trough, tower, and dish systems, 
respectively [17]. Higher concentration ratios imply lower heat losses from smaller areas 
and, consequently, higher attainable temperatures at the receiver. To some extent, the flux 
concentration can be further augmented with the help o f  non-imaging secondary 
concentrators, e.g.. Compound Parabolic Concentrators (CPC), when positioned in 
tandem with the primary parabolic concentrating systems. Towers and troughs are best 
suited for large, grid-connected power projects in the 30-200 MWe size, whereas, 
dish/engine systems are modular and can be used in single dish applications or grouped in 
dish farms to create larger multi-megawatt projects. Parabolic trough plants are the most 
mature solar power technology available today and the technology most likely to be used 
for near-term deployments. Power towers, with low cost and efficient thermal storage, 
promise to offer dispatchable, high capacity factor in the near future. The modular nature 
o f  dishes will allow them to be used in smaller, high-value applications. Towers and
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dishes offer the opportunity to achieve higher solar-to-electric efficiencies and lower cost 
than parabolic trough plants, but uncertainty remains as to whether these technologies can 
achieve the necessary capital cost reductions and availability improvements. Parabolic 
troughs are currently a proven technology primarily waiting for an opportunity to be 
developed. Power towers require the workability and maintainability o f  the molten-salt 
technology to be demonstrated and the development o f low cost heliostats. Dish/engine 
systems require the development o f  at least one commercial engine and the development 
o f  a low cost concentrator [16].
1.2 Solar thermal chemistry and fluid wall reactor
Solar thermal chemistry has emerged as a multidisciplinary research activity 
involving national laboratories and industries around the world. [1 ,2 ]. The concentrated 
solar energy has become popular in many industrial applications, as a source o f  process 
heat as a substitute o f  fossil fuels. The underlying principle o f  concentrated solar energy 
effects an endothermie reaction at a high temperature [3]. Examples include thermal 
dissociation o f methane and metal oxide reduction at high temperatures, to generate 
hydrogen in a single step and two steps process respectively.
The phenomenon o f  chemical decomposition inside the solar thermo-chemical reactor 
has been focused to study for a number o f  researches [1-5] and several experimental 
studies have been done. There are several processes to generate hydrogen from chemical 
reaction like metal oxide decomposition, decomposition o f  methane, direct water 
splitting, steam reforming o f methane and sulphur iodine thermo-chemical water splitting 
cycle. Metal oxide used in this process is solid zinc oxide. The advantage o f  using metal
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oxide reduction process to generate hydrogen and to  avoid the formation o f  C, CO, and 
CÜ 2 gases [ 1 ].
The metal oxide reaction is a multi-phase reaction in which solid zinc oxide is 
decomposed to form zinc and oxygen gases. The main application o f  solar metal oxide 
reduction is to generate hydrogen from two-step chemical reaction. There are different 
metal oxides used for metal oxide reduction such as ZnO, Mn2 0 3 , Fc2 0 3  and MnO. The 
production o f  hydrogen from zinc oxide has become the object o f  new experimental 
studies. Several experimental analyses have been done in different types o f  reactors. The 
different types o f  reactors used for solar metal oxide reduction are two cavity reactor, 
vortex flow reactor, novel solar chemical reactor and concentric cylindrical reactor [2-5].
Two cavity reactors consist o f  two cavities in series, with the inner one functioning as 
the solar absorber [6 ]. This reactor is used to analyze solar carbo-thermic reduction o f 
zinc oxide. Vortex reactor is a cavity receiver and methane is fed into the reactor and the 
flow form inside the reactor is a vortex flow [7]. Cylindrical reactors consist o f  two 
concentric cylinders with a porous membrane which is used for decomposition o f 
methane to form hydrogen.
Instead o f  using electric energy as the heat source for the reaction, solar energy is 
used, because solar energy can be generated from the sun directly by collecting the rays 
from the parabolic troughs. These concentrating systems are capable o f  achieving power 
flux intensities equivalent to solar concentration ratios o f  5000 suns and higher applying 
non-imaging secondary concentrators with primary focusing heliostat [6 -8 ].
Metal oxide reduction is a decomposition reaction, which is used to generate 
hydrogen in a two step process shown in equations ( 1 .1 ) and ( 1 .2 ).
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Decomposition (via solar process): ZnO(s> ^  Zn (g) + 0 2 (g) (1.1)
Water splitting (via non-solar process): Zn (g) + H2 0 (i) ZnO(S) + H2 (g> (1.2)
The first thermal dissociation is an endothermie reaction and the second hydrolysis 
reaction is exothermic reaction. Zinc is a versatile metal and it is very low valenced metal 
oxide. The other chemical reactions have also been considered but the yield o f  hydrogen 
from those reactions are very low [11-12]. Several researches have focused on both 
simulation and experimental studies o f  ZnO reduction and methane decomposition [11].
This reaction takes place at very high temperature (about 2300 K) and several 
researchers have studied how to avoid the recombination at high temperatures using 
quenching process [12]. Hydrogen and oxygen are formed in different steps, thereby 
eliminating the need for high temperature gas separation [1 2 ].
Another decomposition reaction that has been taken in to consideration is methane 
decomposition. Several experiments and numerical simulations studies have been done 
by Weimer et al.. [13]. Methane decomposition has been considered to be more efficient 
to generate hydrogen in a single step reaction because o f  its high H to C ratio (H/C =  4) 
[4], availability and low cost. Cost analysis has been studied by W eimer et al.. [5]. The 
chemical reaction which generates hydrogen in a single step process without emission o f  
carbon dioxide is shown in equation (1.3).
CH4(g) 2H2(g) + C (s) (1.3)
Hydrogen can also be generated by steam reformation o f natural gas whereas carbon 
black is produced by the furnace black process. In the steam reforming process, the steam
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reacts with methane over a reforming catalyst to produce hydrogen and carbon dioxide 
[1-3]. In this process, the catalyst is frequently used to carry out steam reforming 
reactions to avoid high operating temperatures. Carbon is frequently formed as a result o f 
direct cracking o f methane and carbon fouls the catalyst [4-7]. So researchers are in 
search o f  new economical and benign methods o f  hydrogen energy production. One o f 
such method is the solar thermal dissociation o f natural gas. The solar thermal production 
o f  hydrogen avoids the environmental pollution. The carbon black produced by this 
method can displace the existing market o f  the same [1 ].
Compared to the steam reforming o f  methane, the major advantage o f  this process is 
that there is no production o f  carbon dioxide. M atovich [8 ] describes the concept o f 
thermal dissociation o f  methane through an electrically heated fluid wall aerosol flow 
reactor. The other method to generate hydrogen is plasma reforming o f  methane. 
Bromberg [9-10] studied the plasma reforming o f  methane with sufficiently low energy 
consumption and with high hydrogen yield. In this method, the conversion o f  methane is 
about 80% and the hydrogen yield is 100% with plasma catalysis. Hirsch, Steinfeld et al. 
[ 1 1 ] have also studied the technically feasible routes for extracting work from chemical 
products (hydrogen and carbon) o f  the solar decomposition o f  methane.
In recent years, solar thermo-chemical reduction o f  methane, using concentrated solar 
energy has been investigated by W eimer et al. [12-14]. Numerical simulation and 
experimental works have been studied and analyzed by Steinfeld, Weimer et al. [15] in 
the cylindrical porous fluid wall aerosol reactor. The numerical simulation work has been 
done for a two-dimensional axisymmteric geometry in steady state conditions. This 
numerical simulation work has been done to study the carbon deposition on fluid wall
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reactor. The effect o f  varying certain system parameters on reducing this deposition was 
also evaluated.
Various researchers have studied about the methane decomposition reaction but 
Weimer et al. [5] have done experimental and numerical simulation in a porous reactor. 
In his numerical simulation results, it has been determined that inlet gas temperatures, 
mass flow rates and permeability o f  porous wall o f the reactor affects the gas flow 
profile. Considering these points as main parameters, the parametric studies have been 
done to evaluate the mole fractions o f  the gases. The numerical method used to solve the 
governing equation is Finite element method.
1.3 Research Objective
The main objective o f  this research is to analyze the generation o f  hydrogen from the 
decomposition o f  natural gas and metal oxide inside the solar thermo-chemical reactor at 
high temperature. Some o f  the research objectives that have been outlined which would 
benefit the development o f  solar thermo-chemical aerosol reactor are:
•  To find the best suited correlations for the temperature and reaction rate.
•  To understand the concepts o f  fluid flow in the porous region.
•  To study the variations o f  the reaction rate, temperature and production o f  mole 
fraction o f  species which are involved in reaction based on different parameters.
•  To study the effects o f  variable solar heat flux applied on surface o f  the wall in 
three-dimensional model.
•  To compare the numerical results with the experimental data.
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1.4 Outline o f  thesis
This thesis research focuses on designing and simulating the flow o f  chemical 
decomposition inside thermo-chemical reactor using Computational Fluid Dynamics 
(CFD) analysis. The reactor has been designed not only for metal oxide reductions but 
also for methane decomposition reaction to generate hydrogen in a single step process. 
The study also focuses on several parametric changes and affects o f  mole fractions o f 
gases. Chapter 2 explains the details o f  the problem and geometries associated with 
boundary conditions. Chapter 3 defines the governing equations and numerical method 
for solving the problem, and Chapter 4 discusses the two-dimensional numerical 
modeling results for the different parameters. Chapter 5 focuses on three-dimensional 
numerical modeling and simulation results. Finally, Chapter 6  concludes the current 
research.
10
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CHAPTER 2
DESCRIPTION OF THE PROBLEM  AND GEOMETRY
2.1 Metal oxide reduction
Both two-dimensional and three-dimensional geometries were used to study the flow 
and chemical reaction inside the reactor. Two-dimensional axisymmetric geometry was 
used for constant temperature reactor. Three-dimensional geometry was used to study the 
temperature distribution near the wall and inside the reactor by implementing variable 
heat flux as the wall boundary condition and the variation o f  chemical reaction with 
respect to temperature. The reactor comprises o f  two concentric cylinders, which are 
made up o f  graphite. The overall length o f  the cylinders is 9.4 cm. The diameter o f  the 
outer cylinder is 5 cm, while the diameter o f  the inner porous cylinder is 2.5 cm and 
thickness o f  porous medium is 0.015 cm [12, 13, 14, 15].
The inner cylinder is designed as porous cylinder to allow argon gas to pass through 
from the outer cylinder to inner cylinder to form a fluid wall at the inner surface o f 
cylinder. The inert gas prevents reactants and products o f reaction from in contact with 
the graphite wall [12]. The reactor consists o f  inlets for purge and carrying gas in outer 
cylinder and an inlet for the reactant in inner cylinder, and an outlet for the mixture o f 
gases. The basic geometry o f  the fluid wall reactor is shown in Fig. 2.1.
11
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Reactants (ZnO (s>or 
CH4 0 )
Purge gas(Ar(g))
Solid Cylinder
Porous Cylinder
Purge gas (Ar (g)) Mixture o f products (Zn (g).
02(8)
Ar (g) or Hi (g), C(s))
Fig. 2.1: Basic geometry o f  the reactor
A two-dimensional axisymmetric cylindrical reactor was modeled and meshed using 
Gambit. Number o f nodes used to mesh the computational domain is 3426. As shown in 
Fig 2.2, the computational domain is meshed in such a way that very fine mesh was 
provided near the inlets, outlet and the wall o f  the reactor and coarser meshes were 
provided away from the inlets, outlet and the wall regions. The meshed geometry was 
exported into Fluent and the flow and chemical reaction were simulated. The flow was 
considered to be laminar because the Reynolds number is less than 2000. The Reynolds 
number was calculated using the formula [16] shown in equations (2 .1 ) and (2 .2 ).
= (2.1)
12
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where
- 1 /2
1 +
(  X 
M a
1/2 1/ 4 "
I ^ P J \ , M p )
(2 2)
Purge gas( Ar (g)) Reactants (ZnO (S) /  CHt (g>)
Purge gas(Ar ^ ,) Mixture of products and purge gas
(Zn (g), O2 (g), Ar (g) / H; (g), 
Qs))
Fig. 2.2: 2-D computational mesh o f  the fluid wall reactor.
2.1.1 Operating and boundary conditions for two-dimensional axisymmetric reactor for 
metal oxide reduction:
Operating conditions:
Pressure 0.1 MPa
Temperature 2500 K
Boundary conditions:
Inlet temperature o f  ZnO(s> 300 K
Inlet temperature o f  Apg) 300 K
The ratio o f  mass flow o f  Ar to ZnO 3:1
13
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Wall temperature 2500 K
Absorption coefficient 1
Scattering coefficient 1
Rate o f  the reaction k = A exp (-Ea/RT)
Activation energy (Ea) 319000 kJ/mol
Pre-exponential factor (A) 3.48x10*°g/ s • m^
Gas constant (R) 8.314J/ mol • K
Dis"Permeability a  =
The above operating and boundary conditions were applied to the computational 
domain. The porous cylinder was defined as the porous region in boundary condition and 
the input was in the form o f permeability, inertial resistance coefficient, and percentage 
o f  porosity. These parameters were calculated using the formula mentioned in the 
boundary conditions.
With respect to pore diameter which was assumed to be a parameter, porosity, inertial 
resistant coefficient, and porosity were calculated. The wall temperature for the two- 
dimensional axisymmetric model was maintained at a constant. The volumetric reaction 
model was implemented to determine the mole fractions o f  zinc and oxygen gases. The 
volumetric reaction rate was defined by equation (2.3).
k = A exp (-Ea/RT) (2.3)
The species involved in the chemical reactions were included in material panel o f 
Fluent. The activation energy and pre-exponential factor were specified in the reaction 
panel o f Fluent. The reaction rate was calculated, using Fluent, in each cell with the 
respect to that particular cell temperature value.
14
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2.2 Methane decomposition
The solar thermo-chemical reactor was designed to generate hydrogen directly in 
single step process by decomposition o f  methane. Some numerical and experimental 
studies have been done by W eimer [1]. The dimensions o f  the reactor have been 
described in the previous section 2.1 o f this chapter. The chemical reaction taking place 
inside the reactor is shown in equation (2.4).
CH4(g) 2H2(g) + C(s) (2.4)
2.2.1 Operating and boundary conditions for two-dimensional axisymmetric geometry for
methane decomposition
Operating Boundary conditions: [12-15, 18]
Pressure 0.1 MPa
Temperature 2100 K
Flow rate o f  CH4 1.67x10’^  m^/s
Inlet temperature o f  Apg) 6 .6 6 x 1 0 '  ^mVs
Wall temperature 2100 K
Absorption coefficient 1
Scattering coefficient 1
Rate o f  the reaction k = A exp (-Ea/RT)
Activation energy (Ea) 208000 kJ/mol
Pre-exponential factor (A) 6 x l 0 ” g/ s • m~
Gas constant (R) 8.314 J/ mol ■ K
Permeability 0.55
Pore diameter 60 pm
15
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CHAPTER 3
GOVERNING EQUATIONS AND NUM ERICAL METHOD
3.1 Governing equations
The governing equations considered in this chemical reaction model are the basic 
continuity equation, and momentum equations, radiation modeling, and species equation 
for each species involved in this reaction. The radiation model has been chosen by 
calculating the optical thickness, which has been found to be greater than 1 and less than 
3. For steady flow the governing equations for mass, momentum, and energy are in tensor 
forms in the master cylindrical coordinate system can be and written as follows
3.1.1 Continuity equation
ô(pw ,)
d r
=  0 (3.1)
3.1.2 M omentum equation
dr,
du, duj
dr,
- p u  U, - S y p - p g i = ^ (3.2)
3.1.3 Energy equation
dr,
, d T
 /w  C T
V .
(3.3)
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where w,is the velocity in different coordinate directions, /?is the density, / / is  the 
dynamic viscosity, p  is the pressure, T is the temperature, is the specific heat capacity, 
A: is the thermal conductivity, ç^ ^ is  the radiative heat flux to the fluid element, 
represents the viscous heating term in the energy equation, and is defined as
dU ;(  ÔU, du .  2 ÔU; ^
drj
(3.6)
3.1.4 P-1 Radiation model equation
The P-1 radiation model explained by Cheng [16] is employed in the present radiative 
heat transfer simulation. Previous studies indicate that the P-1 approximation is more 
accurate in the optically thick rather than the optieally thin limit [16]. However, since the 
focus o f  this study concentrates on the interaction o f  convection and radiation in 
absorbing -  emitting media, the inaccuracy o f  the P-1 approximation in the optieally thin 
limit may not be a serious limitation [17]. This model includes the effect o f  scattering, 
and the implementation assumes gray radiation. This model includes dispersed second 
phase particles, which includes the effect o f  particles in the P-1 radiation model. The 
working fluid is assumed to be gray, absorbing, emitting, and isotropic scattering 
medium. The radiative heat transfer equation governing the radiation intensity is given by
+ {a + s)l{x ,o})-  a ^ —  ^l{x,a?pdco  (3.7)
0dr n
- V g ^ = a G - 4 a o T "  (3.8)
The transport equation o f  G can be written as
17
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V (5 V G )-a G  + 4 a o T ' = 0 (3.9)
For two-dimensional radiation model, the equation (3.7) remains as same as that o f  three- 
dimensional modeling where equation (3.8) and (3.9) is changed and it is given below.
1 d [ r .q ^ ^ ) ^ d q
dr
- a G - A a a T ^
dz
(3.10)
B
\  d  f  d G ^r.----
drr dr
d-G
- a G  + 4aoT (3.11)
where B =
1
3(âf + 5 ) — C • 5
, a is the absorption coefficient; a  is the Stefan-Boltzmann
constant, s scattering coefficient, C is the linear anisotropic phase function coefficient.
3.1.5 Species modeling
The governing equation for both metal oxide reduction and methane decomposition 
can be written as follows
dr.
+ R, + iS. — 0 (3.12)
where is the mass fraction for the ith o f  species, /?, is the net rate o f  production o f 
species / by chemical reaction and 5, is the rate o f reaction by addition from dispersed 
phase, £), is the diffusion eoefficient for species i in the mixture.
18
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3.1.6 Modeling o f  Porous medium
The inner cylinder o f  the geometry has been considered to be a porous medium 
because o f  the formation o f  fluidized bed over the wall to avoid the contact between 
products and to avoid the carbon particle deposition over the wall. The advantage o f  
using the porous medium geometry is, hot gas flows inside the reaction cylinder from the 
outer and it radiates the heat to methane, which is decomposed at high temperature. The 
porous media was modeled by the addition o f  momentum source term to the standard 
fluid flow equations. The souree term is eomposed o f  two parts: a viscous loss term, 
equation (3.13), and inertial loss term, equation (3.18).
S, = (3J3)
where Si is the source term o f  the ith (r, e or z) momentum equation, and and C- are
preseribed matrices. This momentum sink contributes to the pressure gradient in the 
porous cell, creating a pressure drop that is proportional to the fluid velocity in the cell.
In laminar flow through porous media, the pressure drop is typically proportional to 
velocity and the inertial resistance faetor, Ci has been considered to be zero. Ignoring 
convective aeeeleration and diffusion, the porous media model then reduces to D arcy’s 
Law:
= (3.14)
a
19
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The pressure drop that this model computes in each o f  the three coordinate directions 
within the porous region is then
^Pr = Z  (3-1 5)
j=\  CCrj ^
^  P  \
(3.16)
>=1 ^0j ^
3
V -  =  Z — (3. 17)
y=l Cty
where Vj is the velocity components in the r, e and z  directions, and Aw^, An^ and A«,
are the thickness o f the porous medium.
3.1.7 Inertial loss in porous media
At high velocities, the constant C , j  in the equation provides a correction for inertial 
loss in porous medium. This constant can be viewed as the loss coefficient per unit length 
along the flow direction, thereby allowing the pressure drop to be specified as a function 
o f  dynamic head.
Vp = - £ c 2ij
7=1
mag
J
(3.18)
where C2  ^ is the inertial resistance factor in the r, e and z directions.
20
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3.2 Discretizing the governing equations
The governing equations are converted into algebraic equations using a control 
volume technique that can be solved numerically. This control volume technique consists 
o f integrating the governing equations about each control volume, yielding discrete 
equations that conserve each quantity on a control-volume basis. The integral o f  the 
governing equations is applied to each control volume, or cell, in the computational 
domain and discretized. By default the solver stores the discrete values o f  the scalar 
quantities at the cell centers. However, when the face values o f  the scalar quantities are 
required the values are interpolated from the cell center values. This is accomplished 
using an “upwind” scheme. Upwinding means that the face values are derived from 
quantities in the cell upstream, relative to the direction o f  the normal velocity.
The continuity equations are solved using the SIMPLE (Semi Implicit M ethod for 
Pressure Linked Equation). The SIMPLE algorithm uses the relationship between 
velocity and pressure corrections to enforce mass conservation and to obtain the pressure 
field. The momentum equation when solved uses a guessed pressure field to obtain the 
face flux. I f  the resulting face flux does not satisfy the continuity equation a correction 
face flux is added to obtain the corrected face flux. A first order upwind scheme was used 
for acquiring first-order accuracy. W hen this scheme is selected, the face value o f  a scalar 
quantity is set equal to the value in the upstream cell.
21
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3.3 Method o f solving
All these equations are solved in the master Cartesian coordinate system with a 
control-volume finite difference method (CVFDM). A non-staggered grid storage scheme 
is adapted to define the discrete control volumes. The integrated terms are approximated 
by either finite differences or finite elements, discretely summed over the entire domain. 
A first order upwind scheme was used for acquiring first-order accuracy. When this 
scheme is selected, the face value o f  a scalar quantity is set equal to the value in the 
upstream cell.
Physically, the conservation o f  mass, momentum, and energy are assured in the 
formulation o f  Finite Volume Method (FVM ) via the Finite Difference Method (FDM) 
itself. For the program used in this study, the approximation is done by the finite 
difference scheme. The solver used for this problem is segregated solver. The pressure 
velocity coupling method used in this problem is SIMPLE (Semi-Implicit Method for 
Pressure-Linked Equation). The governing equations are discretized and linearized using 
an implicit technique with respect to the set o f  dependent variables.
For two-dimensional modeling, the axisymmetric boundary condition was used to 
calculate the flow and reactions. Axisymmetric boundary conditions can be used when 
the physical geometry such as flow inside the cylindrical reactor and the expected 
thermal or flow solutions are symmetric. When using this type o f  boundary conditions in 
the specified region no additional boundary conditions are required. All the normal 
gradients and normal velocity components across the plane are set to zero for a symmetry 
plane. Three-dimensional modeling was done using same numerical technique as used in 
the two-dimensional form.
22
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3.4 Boundary conditions
The inlet boundary conditions are specified as velocity boundaries. Velocity inlet 
boundary conditions are used to define the flow velocity, along with all other relevant 
scalar properties o f  the flow, at the flow inlets. The total (or stagnation) properties o f  the 
flow are not fixed, so they will rise to whatever value necessary to provide the required 
velocity distribution. It requires the specification o f  velocity magnitude and direction, the 
velocity components, or the velocity magnitude normal to the boundary. In this study the 
velocity normal to boundary specification method was used. The outlet was specified as 
outflow boundary condition. In two-dimensional axisymmetric model the wall 
temperature was considered as constant so constant temperature was applied in the wall 
boundary condition where as in three-dimensional case a separate U ser Defined Function 
(UDF) associated with Fluent was written for the wall condition which is explained in 
Chapter 6.
23
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CHAPTER 4
RESULTS OF TW O-DIMENSIONAL AXISYM M ETRIC NUM ERICAL MODELING
4.1 Metal oxide reduction
The specified operating and boundary conditions were applied to the computational 
domain and the flow was simulated. The obtained results were compared with the 
experimental result [7]. Table 4.1 shows the comparison between numerical results and 
available experimental result. The simulated results were obtained for residence time o f
0.5 sec, pore diameter 10 pm, ratio o f  Ar to ZnO is 3:1, and permeability o f 0.88. At high 
temperature, the numerical results agree with the experimental data very well. The 
percentage difference between the obtained numerical result and experimental results is 
shown in last column o f  Table 4.1.
24
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Table 4.1: Comparison of simulated values with experimental values
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o
Experimental results [7] Numerical results % difference
Temperature Mole fraction Mole fraction of Temperature Mole fraction Mole fraction Mole fraction Mole
(K) of Zn (ct) O 2 (g) (K) of Zn (0 ) of O 2 (g) of Zn (0 ) fraction
of O 2 (a)
2400 0.667 0 3 3 3 2400 0.663 0333 0 3 9 0%
2300 0.666 0 3 3 2 2300 0.663 0333 0.45% 0 3 %
2100 0.666 0 3 3 2 2100 0.630 0.316 5.40% 4.18%
1900 0.666 0 3 3 2 1900 0.597 0.300 10.36% 9.65%
1700 0.666 0.331 1700 0.564 0383 15.44% 14.5%
wL/1
■D
O
CDQ.
■D
CD
C/)
C /)
Some o f the param eters have been changed to study the variation o f  the mole fraction 
o f  zinc and oxygen. Different cases were analyzed for different pore diameters. Fig. 4.1 
shows the variation o f  outlet mole fraction o f  gas mixture with the pore diameter.
12.2
12.1
£ 11.8
«11.7
11.6
11.5
11.4
0 10
Pore
20 30
 diameter (micrometer)
40
Fig. 4.1 : Variation o f  outlet velocity o f  gas mixtures with different pore diameters for a
ratio o f  A r to ZnO o f 3:1.
As shown in Fig. 4.1, the outlet velocity o f  gas mixture increases with the increasing 
o f  pore diameter. This phenomenon can be well understood once we realize that the flow 
o f argon gas through the porous medium will increase when the pore diameters increase. 
It is obvious that if  the flow o f argon gas through the porous medium is increased the 
outlet velocity increases.
The values o f  pore diameter and inlet velocity o f Ar(g) were changed to study the 
variation o f  mole fraction o f  Zn(g) and 02(g) at the outlet. Fig. 4.2 and Fig. 4.3 show the 
relationship between pore diameter and the mole fraction o f Zn(g) and 0 2 (g) respectively 
for residence time o f 0.5 sec and the ratio o f  Ar(g) to ZnO(s) is 3:1. From Fig. 4.2 and Fig. 
4.3, it is observed that both the mole fraction o f  Zn(g) and 02(g) increase as the pore
26
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diameter increases. The reason for this phenomena is increase in pore diameter intensify 
the argon gas flow to the inner porous cylinder through the porous medium. Since there is 
an increase in flow o f Ar(g) through the porous medium, convection dominates between 
ZnO(s) and Ar(g). As the heat is absorbed by the ZnO(s) from the argon gas, it decomposes 
to form Zn(g) and O2 (g). This results in increase in the mole fraction o f  zinc and oxygen 
gas.
0.666
0.09 m/s 
0.1 m/s 
0.2 m/s 
0.3m/s 
0.4 m/s0.665
20.664
0.663
10 20
Pore diameter (micrometer)
30 40
Fig. 4.2: Variation o f  mole fraction o f Zn(g> with pore diameters for different inlet 
velocities o f  Ar(g) for ratio o f Ar(g) to ZnO(s> o f 3:1, the inlet temperature o f  Ar is 300 K.
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Fig. 4.3: Variation o f  mole fraction o f  Oz(g) with pore diameters for different inlet 
velocities o f  Ar(g) for ratio o f  Ar(g) to ZnO(s) is 3:1, inlet temperature o f  Ar is 300 K.
Variations o f  mole fraction o f  oxygen and zinc oxide with different ratio o f  mole 
fraction o f  Ar (g) to ZnO(s) have also been examined. Fig. 4.4 and Fig. 4.5 illustrate the 
relationship between the ratio o f  Ar(g) to ZnO(s) and mole fraction o f  Zn(g) and Oz(g) for 
pore diameter o f  10 pm, residence time o f  0.5 sec. Since the pore diameter is kept 
constant in this case, the flow o f Ar(g) through the porous medium is reduced although the 
ratio o f mole fraction o f  Ar(g) to ZnO(s) is increased. It can be found from the Fig. 4.4 that 
there is a decrease in value o f  mole fraction o f  Zn(g) and 0 2 (g>.
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Fig. 4.4: Variation o f mole fraction Zn(g) and 02(g)with different ratio o f Ar(g) to ZnO(s> 
for residence time is 0.5 sec, pore diameter o f  10 pm, inlet temperature o f  Ar is 300 K.
The next parametric study was made for different inlet temperatures o f  the Ar (g>. The 
values obtained are shown in Fig. 4.5 and Fig. 4.6. It can be found that mole fractions o f 
Zn(g) and 0 2 (g) increase as inlet temperature o f  Ar(g> increases because more heat is 
transferred to solid zinc oxide and the decomposition rate is improved.
As the pore diameter increases, the mole fractions o f  zinc and oxygen also increase, 
due to enhance flow o f Ar(g) through the inner porous cylinder. Because o f  the enhanced 
flow, the reaction temperature is increased and it contributes to the increase in the mole 
fraction o f  zinc and oxygen.
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Fig. 4.5: Variation o f  mole fraction Zn(g) with different pore diameters for different inlet 
temperatures o f  Ar(g) for ratio o f  Ar to ZnO o f 3:1 and residence time o f 0.5 sec.
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Fig. 4.6: Variation o f  mole fraction 02(g) with pore diameters for inlet tem peratures o f  
Ar(g) for ratio o f  Ar to ZnO o f 3:1, residence time 0.5 sec
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Table 4.2: Values of mole fraction o f zinc for different materials
Temperature (K) Zirconium Graphite
1800 0.023 0.08
2000 0.277 0.377
2200 0.54 0.614
2500 0.644 0.664
The variation o f mole fractions o f  Zn(g) and 02(g) have been examined by changing the 
wall material o f  the reactor. Fig. 4.7 and Fig. 4.8 shows the mole fraction o f  Zri(g) and 
02(g) for tw o different materials. The mole fractions o f  Zn(g) and 02(g) are higher for 
graphite when compared with zirconium. This is because the thermal conductivity for 
zirconium is lower compared to graphite. The mole fractions o f  zinc and oxygen sharply 
increase with temperature increase. Table 4.2 shows the values o f  mole fraction o f  zinc 
for both graphite and zirconium. Table 4.3 shows the values o f  mole fraction o f  oxygen 
for both graphite and zirconium. At 2500 K, the percentage difference between zirconium 
and graphite is 2% for mole fraction o f  zinc and 1 % greater for mole fraction o f oxygen. 
Therefore, graphite is the more preferable material for the reactor wall.
Table 4.3: Values o f  mole fraction o f  oxygen for different materials
Temperature (K) Zirconium Graphite
1800 0.03 0.044
2000 0.126 0.156
2200 0.247 0.287
2500 0.311 0.333
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Fig. 4.7: Variation o f  mole fraction o f Zn(g) with temperature using different materials for 
residence time o f  0.5 sec, ratio o f Ar to ZnO is 3:1, inlet temperature o f  Ar is 300 K.
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Fig. 4.8: Variation o f  mole fraction o f  02(g) with temperature using different materials for 
residence time o f  0.5 sec, ratio o f  Ar to ZnO is 3:1, and inlet temperature is 300 K.
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4.2 Methane decomposition
In two-dimensional axisymmetric numerical model, the number o f  nodes used to 
mesh the computational domain is 3426. The domain is meshed in such a way that very 
fine mesh was provided near the inlets, outlet and the wall o f the reactor and coarser 
meshes were provided away from the inlets, outlet and the wall regions as shown in Fig
1. Some o f the parameters have been changed to study the variation o f  mole fraction o f 
hydrogen and solid carbon.
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0.695
0.2350.693
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0.23
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Fig. 4.9: Variation o f  mole fraction o f  H2(g) and C(s)for various wall temperatures at a 
pore diameter o f  60 pm and residence time o f 0.5 sec.
The reactor wall temperature was varied to find the effects o f conversion percentage 
o f  methane in the reactor. Fig. 4.9 shows the relationship between wall temperature and 
the mole fraction o f  hydrogen and carbon. The values considered in all o f the results are 
the average mole fractions which are calculated by the ratio o f  the integral o f  mole 
fraction o f  products at the outlet to the integral o f  area at the outlet. Here the initial
33
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methane flow rate was considered to be 1 standard liter per minute (slpm). As seen in Fig. 
4.9 the mole fractions o f  hydrogen and carbon increase with an increase in wall 
temperature. The reason for this phenomenon is that increasing the wall temperature 
improves the decomposition rate o f methane. However, the sum o f the mole fraction o f 
hydrogen and carbon did not lead to one, since the argon gas penetrates the porous media 
inner wall. The mole fraction was found to be balanced by adding all the mole fraction o f 
species and it was equal to one.
The values o f  pore diameters were also changed to study the variation o f the mole 
fraction o f  Hz(g) and C(s) at the outlet. Fig. 4.10 shows the relationship between pore 
diameter and the mole fraction o f H 2(g) and C(s), respectively. A residence time o f  0.5 sec 
was used and the ratio o f Ar to CH4 was 3:1. From Fig. 4.10, it is found that the mole 
fractions o f  H 2(g) and C(s) increase as the pore diameter increases. The reason for this 
phenomenon is that increasing the pore diameter will intensify argon gas flow to the irmer 
porous cylinder through the porous medium. Since there is an increase in flow o f  Ar(g) 
through the porous medium convection will dominate the flow. So, the CH4(g) absorbs the 
heat from argon gas and decomposes to form H2(g) and C(s). This results in an increase in 
the mole fraction o f  hydrogen gas and solid carbon. From Fig. 4.10 it is seen that when 
pore diameter is larger than 70 pm, the mole fraction o f  H2(g) and €(,) are almost constant.
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Fig. 4.10: Variation o f  mole fraction o f  Hz(g) and C(s)for various pore diameters at the 
flow rate o f  1 slpm, residence time o f 0.5 sec.
Variation o f  the mole fractions o f  carbon and hydrogen with different ratios o f  mole 
fraction o f Ar(g) to CH4(g) were also examined. Fig. 4.11 illustrates the relationship 
between the ratio o f mole fraction o f  Ar(g) to and the mole fraction o f  H2(g> and C(s)
for a pore diameter o f  60pm , with a residence time o f 0.5 sec. The reason for this 
phenomenon is the increase in pore diameter intensifies the argon gas flow to the inner 
porous medium. Since there is an increase in the flow o f argon gas through the porous 
medium, convection dominates between CH4(g) and Ar(g)to form hydrogen and carbon. As 
the heat is absorbed by CH4(g) from the argon gas, it decomposes to form hydrogen and 
solid carbon. This results in increase in the mole fraction o f H2(g> and C(s>.
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Fig. 4.11: Variation o f mole fractions o f  %  (g) and C(s) with variation ratio o f A r (g) to CH4 
(g), for a pore diameter o f  60 pm and a residence time o f  0.5 sec.
The next parametric study was made for different inlet temperatures o f  Ar(g). The 
obtained values are shown in Fig. 4.12. It can be found that the mole fractions o f  H 2(g> 
and C(s) increase as the inlet temperature o f  Ar(g> increases, since more heat is transferred 
to CH4(g) and the decomposition rate is improved.
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Fig. 4.12; Variation o f  mole fraction H2(g) and C(s) different inlet temperatures o f  Ar(g) for 
pore diameter o f  60 pm, and residence time is 0.5 sec
A change in the material o f the reactor was also investigated as a parametric change. 
This parametric change was used to analyze the effect o f  temperature distribution on the 
material o f  the reactor. This change ultimately is going to alfect the decomposition rate o f  
the reaction. Zirconium was also considered as a reactor material in this case study. The 
temperature distribution o f  the reactor for two different materials can be found in Fig. 
4.13 (a) and (b). From Fig. 4.13 (a) and (b), we can conclude that the graphite material is 
better suited when compared to zirconium, because o f  the high thermal conductivity o f 
graphite. The result o f  mole fraction o f  hydrogen for zirconium is concave shape unlike 
mole fraction o f  carbon because o f  low heat conductivity for zirconium. So there is 
gradual increase o f  the mole fraction.
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Fig. 4.13 (a): M ole fraction o f  hydrogen (b) Mole fraction o f  carbon for various 
temperatures for two different materials for residence time o f 0.5 sec, pore diameter is 60 
pm and initial flow rate o f  methane is 1 slpm.
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CHAPTER 5
THREE-DIM ENSIONAL NUMERICAL MODELING 
A three-dimensional geometry was modeled to analyze the temperature distribution 
for varying solar heat flux and the variations o f chemical reaction with respect to 
temperature. The number o f  nodes used to mesh this geometry is 24,820 and type o f  
mesh used is quadrilateral mesh. Fig. 5.1 shows the three-dimensional computational 
domain o f  the reactor. The governing equations used to solve this three-dimensional 
numerical simulation is introduced in Chapter 3. Additionally, solar load model's ray 
tracing algorithm was used to predict the direct illumination energy source that results 
from incident solar radiation. It takes a beam that is modeled using the sun position 
vector and illumination parameters, applies it to all wall boundary zones, performs a face- 
by-face shading analysis to determine well-defined shadows on all boundary faces and 
interior walls, and computes the heat flux on the boundary faces that results from the 
incident radiation. The resulting heat flux that was computed by the solar ray tracing 
algorithm was coupled to the Fluent calculation through a source term in the energy 
equation. The heat sources are added directly to computational cells bordering each face 
and are assigned to adjacent cells. The sun position vector is added from the computed 
solar calculator.
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The diffuse solar radiation and direct solar illumination was specified in the solar load 
model. A two-band spectral model was used for direct solar illumination and accounts for 
separate material properties in the visible and infrared bands. A single-band 
hemispherical averaged spectral model was used for diffuse radiation. The wall was 
specified as semi-transparent material to allow the radiation to pass through the walls. 
Transmissivity and absorptivity were defined in the wall boundary condition. The 
transmissivity was recomputed/interpolated these values for the given angle o f incidence.
Inner porous cylinder
Outter Cylinder
Fig. 5.1: Three-dimensional computational geometry o f the reactor.
To implement the variable solar heat flux as wall boundary condition, a User Defined 
Function (UDF) was written. The wall boundary condition was implemented using the 
one-dimensional equation given below.
, a r
Ç l .a n  =  O G .solar ~
OX
(5.1)
The solar heat flux in the above equation was calculated from the solar data o f the 
ASHRAE clear sky model. It was considered as the direct solar irradiation. The heat flux
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was calculated for June 21*. The global positioning o f  the sun was 36.08° N  o f  the 
latitude and 115.17° W o f the longitude. The direct normal irradiation was calculated 
using formula shown below
^ s o l a r  -  —  B ~  ( 5 - 2 )
e ^ p
Where A and B are apparent solar irradiation and atmospheric extinction coefficient 
taken in a clear sky. These values were taken from the ASHRAE handbook. This direct 
normal irradiation was used as in the equation (5.1). The solar altitude angle P is 
calculated using the equation given below
siny0 = cos/cosh  cos s in /s in  J  (5.3)
where / latitude angle in degree, h is is hour angle in degree and d is the declination angle 
in degree. The value o f  the declination angle was taken from the solar data from the 
ASHRAE handbook. The above equations 5.3 and 5.2 are coupled with the equation 5.1 
to implement the variable solar heat flux on the wall region.
5.1 Methane decomposition
The equation (5.1) was written as UDF and it was implemented as heat flux input in
the wall region. To simulate the chemical reaction inside the reactor, the reaction rate
equation has been written as UDF. The temperature in each cell has been coupled with
the reaction rate equation and the flow was simulated. Fig. 5.2 shows the three-
dimensional temperature distribution contour at the outer wall region. The operating and
boundary conditions used to simulate this reaction were specified below.
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Operating and boundary conditions: 
Operating condition:
Pressure 
Boundary conditions:
Inlet temperature o f  CH4(g) 
Inlet temperature o f  Ar(g)
Wall heat flux
Absorption coefficient 
Scattering coefficient 
Activation energy 
Pre exponential factor 
Gas constant 
Pore diameter 
Permeability
0.1 MPa
300 K 
300 K
, ST _
( ^ s o la r  -
OX
1
208000 kJ/mol 
6 x lO " g / s • m^ 
8.314 J/ mol • K 
60 pm 
55%
42
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
2170
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1874.74
1776.32
1677.89
1579.47
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1284.21
1185.79
1087.37
988.947
890.526
792.105
I 595.263 
: 496.842 
; 398.421 
; 300
J
Fig. 5.2 Three-dimensional view o f temperature distribution over the outer wall o f  the
reactor.
It can be found from Fig. 5.2 that the temperature is high near the outer wall region, 
and it decreases when it reaches the center o f the reactor. This is due to the phenomena o f 
variable solar heat flux and conduction. The source is at the one side o f  the reactor, so the 
temperature is at maximum on that particular side and less on the other side. The 
temperature at the center o f the reactor ranges from 1973 K to 2071 K. Fig. 5.3 (a) and 
(b) shows the values o f  the wall temperature for different positions at the center o f  the 
reactor along the z direction and the mole fraction o f  methane. From Fig. 5.3 (a) and (b) it 
can be concluded that with the gradual increase o f temperature the mole fraction o f 
methane decreases gradually to form hydrogen and carbon because the decomposition 
reaction depends mainly on the temperature o f  the reactor. Once the temperature o f  the 
reactor reaches around 1600 K there is a sudden drop in methane because it reaches the
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critical point. After reaching the critical point the conversion percentage is increased to 
form hydrogen and carbon.
1 1600 -
£  1400
•S1200
= 1000
800
600
o . 400
200
0.04 0.06
Position (m)
0.080 0.02 0.1
e  0.8
E 0.6
S Q2
0.02 0.10 0.04 0.06 0.08
PositiGn at the œ nier of the reactor along Z dlrecticn (m)
Fig. 5.3(a) Fig. 5.3 (b)
Fig. 5.3 (a): Wall temperature (K) (b) M ole fraction o f CH4 for different positions in the 
center o f  the reactor along the Z- direction for a pore diameter o f  60 pm, a residence time 
o f 0.5 sec, and initial flow rate o f  methane is 1 slpm.
It can be found from Fig. 5.4 (a) and (b) that as the temperature increases, the 
methane decomposes faster to form hydrogen and carbon. The contour o f mole fraction 
o f  hydrogen and carbon are not symmetrical because o f  the variation o f  temperature in 
the reactor due to the phenomenon o f varying solar heat flux on the wall region. From 
Fig. 5.3 (a), the mole fraction o f hydrogen is found to be high near the wall regions 
because hydrogen is a lighter gas and it moves faster when compared with carbon. Since 
carbon is in solid form it is high near the outlet region.
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Fig. 5.4 (a) Fig. 5.4 (b)
Fig. 5.4 (a); M ole fraction o f hydrogen (b) mole fraction o f carbon at the center plane o f 
the reactor for pore diameter o f  60 pm, residence time o f 0.5 sec and initial flow rate o f
methane o f  1 slpm.
Table 5.1 shows a comparison between numerical and experimental results for various 
reactor temperatures. These numerical results were obtained for a pore diameter o f  60 
pm, residence time o f  0.5 sec in three dimensional variable solar heat flux model.
Table 5.1; Comparison between numerically simulated results with experimental result o f
methane decomposition in fluid wall reactor
Reactor
temperature
(K)
Methane decomposition rate (%) %
differenceExperimental 
result f 181
Numerical
result
1800 5 5 0%
1900 20 18 10%
2000 55 53 3.63%
2100 93 92 1.07%
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Some o f the parametric studies have also been done in three-dimensional numerical 
simulation. One o f  the m ost important parameters that has to be considered in this study 
is the residence time. The residence time o f the reactor was varied to analyze the effects 
o f mole fraction o f hydrogen and carbon. From Fig. 5.5, it can be found that as the 
residence time increases, the mole fraction o f  hydrogen and solid carbon increases. This 
is due to the phenomenon that the reactants have absorbed more energy with increase in 
residence time. Since the reaction is completely based on the temperature o f  the reactor, 
the rate o f  decomposition was increased with rise in residence time. From this parametric 
study, it was also found that i f  we vary the residence time according to the length o f  the 
reactor, a more efficient conversion o f  methane can be obtained. It mainly depends on the 
length o f  the reactor and inlet velocity o f  the methane gas. I f  the length o f  the reactor is 
increases the material cost will increase. So it would be better to vary the inlet velocity o f 
methane to get better decomposition rate.
0.8
0.25
0.75 -
0.24
0.23 O
%  0.65
0.22 o
0.6
0.210.55
0.5, 0.50.1 0.4
Residence time (sec)
0.2 0.3 0.6
Fig. 5.5: Variation o f mole fractions o f  H2(g) and Qs) for various increasing residence time
for pore diameter o f  60 gm.
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Fig. 5.6: Temperature and conversion rate o f  methane o f  the reactor for different hours o f 
the day for pore diameter o f  60 pm with 1 slpm o f  initial flow rate o f methane and
residence time o f  0.5 sec.
The other param eter varied was time o f  the day to analyze the effects o f  temperature 
throughout the day. According to the variation o f  time, the temperature o f  the reactor and 
conversion percentage o f  methane was calculated numerically. Fig. 5.6 shows the results 
between the average temperature o f  the reactor, conversion rate o f  the methane and the 
time o f the day. It is found that the temperature o f the reactor increases with increase in 
the time o f  the day. It reaches the maximum at 13:00 hrs o f the day and it starts 
decreasing in the later part o f  the day. Since, the day o f  the year was considered as June 
21, including the day light saving hour, the heat flux becomes zero at 20:00 hrs o f  the 
day. The time below 07:00 hrs o f  the day was not considered because the temperature o f 
the reactor was below 1700 K at that particular time, which is not sufficient for the 
decomposition o f the methane. The conversion rate for the methane is zero below 1700
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K. It is found that the conversion rate increases as the time increases, and it reaches the 
maximum at 13:00 hrs o f  the day. It the starts decreasing in the later part o f  the day. 
Since the temperature is important function in the decomposition, the conversion rate 
follows the same path as temperature and time.
5.2 Metal oxide decomposition
The metal oxide decomposition reaction was modeled with varying solar heat flux as 
wall boundary condition. This analysis helps us to analyze the conversion rate o f  solid 
zinc oxide. Since the metal oxide decomposition reaction is a two step reaction, it has 
been concentrated mainly on amount o f the products o f the reaction, which will be treated 
with water to form hydrogen. The operating and boundary condition o f  this reaction is 
specified below.
Operating and boundary conditions:
Operating condition:
Pressure 0.1 MPa
Boundary conditions:
Inlet temperature o f  ZnO(s)
Inlet temperature o f  Ar(g)
The mass flow rate ratio o f  Ar to ZnO(s)
Wall heat flux
Absorption coefficient 
Scattering coefficient 
Activation energy
300 K
300 K
3:1
^  so lar ~OX
1
1
319000 kJ/mol
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Pre exponential factor 
Gas constant
Permeability
3.48x 1 0 * ° g / s - m ^  
8.314 J/ mol • K
a  -
150(1 -€ )'
2300
2194.74
2089.47
1984.21
1878.95
1773.68
1668.42
1563.16
1457.89
1352.63
1247.37
1142.11
1036.84
931,579
826.316
721.053
615.789
510.526
405263
300
Fig. 5.7: Contour o f  temperature at the center plane o f  the reactor in (K) for pore 
diameter o f  10 pm, residence time o f  0.5 sec, and ratio o f  Ar to ZnO o f  3:1.
It can be found in Fig. 5.7 that the temperature is high near the outer wall region and 
it is decreases when it reaches to center o f  the reactor. This is due to the phenomena o f 
varying solar heat flux and conduction o f  the reactor. The source is at the one side o f  the 
reactor so the temperature is at maximum on that particular side and less on the other 
side. The temperature at the center o f  the reactor is at the range o f  1973 K to 2071 K. 
When the temperature contour is compared with the contour o f mole fraction zinc and 
oxygen it can be found that the mole fractions are formed where the temperature is
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higher. It can be concluded that as the temperature increases the zinc oxide decomposes 
to form zinc and oxygen.
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0.630947 
0.595695 
0.560842 
0.525789 
0.490737 
0.455684 
0.420632 
0.385579 
0.350526 
0.315474 
0.280421 
0.245366 
0.210316 
0.175263 
0.140211 
0.105158 
0.0701053 
0.0350526 
0
Fig. 5.8: Contour o f  mole fraction o f Zn(g) at the center plane o f  the reactor for pore 
diameter o f 10 pm, residence time o f 0.5 sec, and ratio o f  Ar to ZnO o f 3:1.
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Fig. 5.9: Contour o f  mole fraction o f  02(g) at the center plane o f  the reactor for pore 
diameter o f  10 pm, residence time o f  0.5 sec, and ratio o f  Ar to ZnO o f 3:1
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veloaty-magntüde
Fig. 5.10: Contour o f  velocity o f  mixture o f  gases at the center plane o f  the reactor in m/s 
for pore diameter o f  10 pm, residence time o f  0.5 sec, and ratio o f  Ar to ZnO o f  3:1.
From Fig. 5.8, Fig. 5.9 and Fig. 5.10, it can be seen that the contour o f  mole fraction 
o f  zinc is not symmetrical in the inner cylinder due to the solar heat flux on the wall. 
From Fig 5.8 and Fig 5.9, the mole fraction o f  oxygen is low where the mole fraction o f 
zinc is high, because the oxygen gas moves faster when compared with zinc, since the 
density o f  oxygen is lesser than the density o f  zinc. This phenomenon can be compared 
with velocity contour o f  the reactor shown Fig 5.10. Fig 5.11 (a) shows mole fraction o f 
oxygen gas at the center o f  the reactor. It is found that there is a gradual increase o f  mole 
fraction o f  oxygen with increasing temperature. As the temperature started to  drop 
slightly there is no increase in mole fraction o f  oxygen gas.
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Fig. 5.11 (a): Mole fraction o f  oxygen gas (b) Temperature o f the reactor at the center 
plane for pore diameter o f  10 pm, residence time o f 0.5 sec, and ratio o f  Ar to  ZnO o f
3:1.
Similarly the mole fraction o f zinc gas is compared with the temperature o f  the 
reactor. Fig. 5.12 (a) and (b) shows the comparison between temperature and mole 
fraction. The mole fraction o f zinc gas is increased gradually with increase in temperature 
and it reaches a maximum point. Due to the fall in temperature at that zone there is a 
slight drop in the mole fraction o f zinc, and there is no further increase in mole fraction o f 
zinc. There is no such drop in the mole fraction o f  oxygen because o f  the phenomenon 
that zinc gas is not moving faster when compared to oxygen gas because o f  high density. 
To check the mass balance inside the system the mole fractions o f  all the gases was 
calculated and was found to be balanced.
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Fig. 5.12 (a): Mole fraction o f zinc gas (b) temperature o f  the reactor at the center plane 
for pore diameter o f  10 pm, residence time o f  0.5 sec, and ratio o f  Ar to ZnO o f  3:1
The parametric study has been done to analyze the temperature variation for various 
times o f  the day. In this decomposition reaction temperature and conversion rate o f  zinc 
oxide was analyzed with the variation o f  time. Fig. 5.13 shows the relationship between 
the temperature o f  the reactor, conversion rate o f  zinc oxide and time o f the day. It is 
found that the temperature o f  the reactor increases with an increase in the time o f  the day. 
The phenomenon for this case is same as that o f  the methane decomposition explained in 
previous section 5.1 o f  this chapter.
53
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
2300
100
O 2100
80 N
60 w■SÎ1900
g  1800t-
1700
6 10 12 14 16 18 20 228
Time (hrs)
Fig. 5.13: Temperature o f  the reactor and conversion percentage o f  zinc oxide with 
respect to variation in time o f  the day for pore diameter o f  10 pm, residence time o f 0.5
sec, and ratio o f  Ar to ZnO o f 3:1.
The residence time o f  the flow was changed to analyze the influence on the mole 
fractions o f  zinc and oxygen gases. From Fig. 5.14, it can be found that as the residence 
time increases, the mole fractions o f  zinc and oxygen increase. This is due to the 
phenomenon o f  temperature rise inside the reactor with increase in residence time. Since 
the reaction is completely based on the temperature o f  the reactor, the rate o f 
decomposition increased with rise in residence time. The other phenomenon is that the 
time taken by the solid zinc oxide to flow from inlet to outlet is increased there will be 
better decomposition rate. From this parametric study, it was also found that i f  we vary 
the residence time according to the length o f  the reactor, a more efficient conversion o f
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zinc oxide can be obtained. It mainly depends on the length o f  the reactor and inlet 
velocity o f  the methane gas.
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Fig. 5.14: Mole fraction o f  zinc and oxygen gases with variation o f  residence time for 
pore diameter o f  10 pm, residence time o f  0.5 sec, and ratio o f Ar to ZnO o f  3:1.
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CHAPTER 6
CONCLUSION AND SUGGESTIONS 
In this study the flow and chemical reaction for a solar therm o-chem ical reactor was 
modeled and analyzed. Some o f the parameters are changed to study the effects o f  mole 
fraction o f  gases and reaction. The main parameters analyzed in this study are shown in 
table 6 . 1 .
Table 6.1: Parametric studies done for both metal oxide reduction and methane 
decomposition
Parametric studies for ZnO reduction Parametric studies for CH4  decomposition
Temperature o f  the reactor.
Pore diameter o f the porous 
medium.
Change in ratio o f argon gas to 
zinc oxide.
Change in wall material o f  the 
reactor.
Change in residence time to study 
the reaction.
V arying solar heat flux on the wall 
o f  the reactor.
Change in the time o f the day to 
study the effect o f  temperature and 
chemical reaction.
Temperature o f  the reactor.
Pore diameter o f  the porous 
medium.
Change in ratio o f  argon gas with 
reactant.
Change in wall material o f  the 
reactor.
Change in residence time to study 
the reaction.
Varying solar heat flux on the wall 
o f  the reactor.
Change in the time o f the day to 
study the effect o f  temperature and 
chemical reaction.
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These parametric studies were done numerically by applying proper boundary conditions 
to the governing equations. The results obtained for these parametric studies are 
summarized below.
•  Both two-dimensional and three-dimensional numerical simulations show that the 
reaction o f  both metal oxide and methane decompositions depends mainly on the 
temperature. So it is mandatory condition to maintain the temperature o f  the 
reactor to the necessary condition.
•  Both metal oxide and methane decomposition reactions depend on the residence 
time. By changing the residence time the decomposition rate can be increased 
without increasing the length o f  the reactor the latter is not a cost effective.
•  The inlet temperature o f  argon gas plays a vital role in the reactions. It helps to 
improve the reaction rate and profile o f the gas, i f  the inlet temperature o f  argon 
gas is increased. So the preheater can be designed to extract energy from the 
reactor.
•  In the material case study, it can be concluded that graphite is most suited for the 
reactor wall because o f  its high thermal conductivity.
•  In residence time parametric study, it can be concluded that with increasing 
residence time the decomposition percentage increases. The optimum range o f 
residence time is from 0.1 sec to 0.5 sec.
•  Since the reaction is based on temperature which is based solar heat flux, it can be 
concluded from the parametric study that conversion percentage increases with 
increase in time and reaches maximum and drops in the later part o f  the day.
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Suggestions:
•  Since the inlet o f  metal oxide decomposition is in solid form further studies can 
be done by changing particle diameter.
•  In three-dimensional numerical simulation it was focused on variation o f  time on 
a single day o f the month in a year. The temperature variation o f  the reactor and 
chemical reaction can be studied for various days o f the month and for different 
months o f the year.
•  Both in two-dimensional and three-dimensional parametric studies, the inert gas 
are not varied. The inert gas can be varied to analyze the effects o f the reaction 
and as well as the temperature.
•  Thermal shocking analysis and thermal stress analysis need to be studied further 
for the material analysis.
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